Effect of intermittent aeration cycle (IAC=15/45-60/60 min) on nutrient removal and microbial community structure was investigated using a novel fluidized bed reactor-membrane bioreactor (FBR-MBR) combo system. FBR alone was found more efficient for removing PO 4 -P (>85%) than NH 4 -N (<40%) and chemical oxygen demand (COD<35%). However, in the combo system, COD and NH 4 -N removals were almost complete (>98%). Efficient nitrification, stable mixed liquor suspended solid and reduced transmembrane pressure was also achieved.
Introduction
Enrichment of surface water with nutrients (phosphorus and nitrogen) from municipal wastewater treatment discharges is an important water quality concern due to eutrophication. As a result, regulations of the nitrogen and phosphorus contents from wastewater discharge are becoming increasingly more stringent (Ahmed, 2012) . Currently, different technologies have been employed to remove these nutrients from wastewater. Nitrification is completed in two steps: ammonium (NH 4 ) oxidized into nitrite (NO 2 ) by ammonia-oxidizing bacteria (AOB), and NO 2 oxidized into nitrate (NO 3 ) by nitrite-oxidizing bacteria (NOB) (Ahmed, 2012) . Although the stoichiometric showed the requirement of 2 mol of oxygen (75% for AOB and 25% for NOB) per mol of nitrogen to be nitrified (Ruiz et al., 2003) , there has been several reports that also showed complete nitrification below 2.0 mg/L dissolved oxygen (DO) concentration (Bellucci et al., 2011; Wang et al., 2012) . Current research efforts on intermittent aeration cycles (IAC) are leading to reduce the level of DO required for nitrification process. During IAC (on/off), the main advantage has been reported the coexistence of nitrifier and denitrifier microbial communities that can perform simultaneous nitrification-denitrification been designed a novel FBR-MBR combo system and found a promising reactor performance, however; microbial community information has not been provided. As a result, this study was carried out to support the biochemical data with microbial community analysis. Nutrient removal efficiency (targeting struvite recovery in FBR and nitrogen removal in MBR) and microbial community structures has been investigated by considering IACs as a major factor that has been previously showed significant difference in the reactor performance. The abundance and diversity of the microbial community in the MBR system was investigated using qPCR and clone library construction for total bacteria 16S rRNA gene.
Materials and Methods

Wastewater characteristics
The synthetic wastewater used in this study was prepared according to Xia 
Sludge source
The reactor was inoculated with mixed liquor that was obtained from a secondary clarifier from Quyang wastewater treatment plant (Shanghai, China). The pH, DO, mixed liquor suspended solid (MLSS) and mixed liquor volatile suspended solid (MLVSS) were measured and their average values were found 6.93±0.32, 0.64±0.41 mg/L, 3.62±0.40 g/L and 2.72±0.23 g/L, respectively. In order to make the source uniform, the sample was stored at 4°C using 20% glycerol. When the new running conditions were needed, the stored inoculum was acclimatized before feeding to the MBR.
Experimental procedures
Previously, simultaneous removal of phosphorus and nitrogen from sewage using a novel combo system of FBR-MBR has been studied by constructing a FBR (about 9.5 L) and two In order to investigate the performance of FBR-MBR combo system and microbial 
All experiments were conducted at room temperature (average 25.2±1.8°C). Summary of the operating conditions are shown in Table 1 . Table 1 2
.4. Chemical analytic methods
For chemical analysis, influent and effluent samples were collected every two days from Turbidity, DO and pH were measured using turbidimeter (2100N, HACH, USA), DO meter (HQ4d, HACH USA) and pH meter (PHS-29A, HACH, USA), respectively. The membrane fouling in the MBR and crystal harvested in the FBR were observed using scanning electron microscope, SEM (XL-30, Philips, Netherlands). Moreover, crystal products were characterized using x-ray diffractometer (XRD).
Sludge characteristics such as soluble microbial product (SMP) and extracellular polymerase substance (EPS) were extracted according to Guadie et al. (2013b) . To quantify the EPS and SMP contents of carbohydrate and protein, phenol-sulfuric acid (Dubois et al., 1956) and Lowry (Lowry et al., 1951 ) methods were used, respectively.
Microbial community analyses
Sample collection and DNA extraction
For total genomic DNA extractions, mixed liquor samples were collected at different IACs (on/off=15/45, 45/15 and 60/60 min). Under IAC O , more number of samples were collected at day 30, 60, 90, 120 and 150 for both qPCR and clone library construction, aiming for time matter analysis on microbial abundance (Table 1 ). Forty mL of mixed liquor was collected and centrifuged for 20 min at 12000 g. Then, the supernatants were removed and pellets were resuspended using PBS buffer (mmol/L: Na 2 HPO 4 10; KH 2 PO 4 2, NaCl 137; KCl 2.7, pH 7.4).
Total genomic DNA of each sample was extracted in duplicate using Fast DNA Spin Kit (MP Biomedical, LLC, France) following the manufacturer's protocol, and the duplicate samples were pooled together and stored at -20°C for subsequent assays.
Quantitative real-time PCR (qPCR)
The abundance of bacterial communities in the mixed liquor was quantified by SYBR Green I-based qPCR method using 338f (5'-ACTCCTACGGGAGGCAGC-3') and 536r (5'- 
Sequence analysis
In this study, the mothur software package (Schloss et al., 2009 ) was used to screen and align sequences, calculate distances, assign sequences to operational taxonomic units (OTUs), and calculate the diversity indices. The forward primers were trimmed from the raw sequences using Bioedit software and then aligned using the SILVA bacteria reference alignment Sequence information was also used for principal component analysis (PCoA) and Jackknife environment clustering using the UniFrac online tool (http://bmf.colorado.edu/unifrac).
Nucleotide sequence accession number
Sequences obtained in this study were submitted to the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) under accession number KF830278-830660.
Results and discussion
Effect of intermittent aeration cycle on FBR-MBR combo performance
Effect of intermittent aeration on pH
As the pH value of 8 to 10 was recommended as the operative range for quality struvite adjusted with NaOH solution to an alkaline range (pH 9). After FBR treatment, the solution pH was 8.8±0.5 in the supernatant tank, which was lower than the pH in the FBR (p=0.001, n=72) ( Fig. 1 
Microorganisms are very vulnerable and sensitive to pH value of the wastewater. Since pH lower than 6.5 or higher than 9.0 could inhibit nitrification completely, the preferential .2±0.6, respectively, which was in the range of pH discharge limit set by many countries (6-9). 
Effect of intermittent aeration on DO concentration and removal efficiency
As shown in (Table 2) . These results clearly showed that DO is an important factor for microbial degradation of NH 4 -N and COD removal than phosphorus, particularly AOB showed more response to the low DO tension. Studies showed that nitrification processes by nitrifiers are more sensitive to environmental conditions (oxygen, substrate, pH and availability of electron acceptors) than carbon oxidation by heterotrophs (Sofia et al., 2004; Campos et al., 2007) .
Although extending the aeration cycle higher than 45 min (e.g. IAC=60/60 min) help to assure more efficient NH 4 -N and COD removal, the condition was found disturbing the sludge floc structure developed in the MBR system. Since there was no apparent difference in COD (p=0.640) and NH 4 -N (p=0.738) removals at 60/60 and 45/15 min IACs, the later operation has been considered as optimum, based on energy saving.
Table 2
As shown in Fig. 2 , microbes governing the subsequent conversion of NH 4 -N to NO 2 -N and then NO 3 -N initially seemed more quiescent than COD degrading microbes. However, after one month operation, the sludge became active and showed a significant reduction of NH 4 -N.
Throughout the entire experimental process in FBR-MBR O , the initial NH 4 min "on" aeration cycle, DO concentration was not the limiting factor for nitrification process (Table 2) (4.0±0.2) g/L, respectively (Fig. 2b) . The ratio of MLVSS to MLSS concentration in the MBR system was found to be varying from 0.75-0.92 (0.89±0.03). The ratio was found almost constant and higher after 30 days of reactor operation. 
Effect of intermittent aeration on membrane fouling
To illustrate membrane fouling, EPS and SMP concentrations were quantified as fractions of carbohydrates and proteins. As shown in Fig. 3a , relatively higher EPS protein (EPS P ) was observed at each intermittent cycle, but the difference was insignificant. The same insignificant difference was also observed on SMP protein and carbohydrate (SMP P and SMP C ). Nevertheless, the EPS carbohydrate (EPS C ) was significantly varied from 20 to 80 mg/L, depending on IACs (Fig. 3a) . The observed EPS C concentrations of 47.2±1.7 mg/L for IAC 30/30 min and 78.4±2.4 mg/L for IAC 15/45 min were probably the main cause of TMP development (Fig. 3b ) that led to fast membrane fouling. The TMP was higher (>50 kPa) at lower IAC (15/45 min) than extended IACs (TMP<10 kPa) ( Fig. 3b) . At lower aeration cycle (IAC= 15/45 min), the level of DO was <1 mg/L ( The low MLSS concentration observed in all operations (4<MLSS<10 g/L) suggested that MLSS concentration in the system has not been positively associated with TMP values (Fig.   3b ). This could be due to inorganic components (like phosphate) were precipitated as struvite in the FBR and did not accumulate in the MBR system. This result is consistent with the previous 
Microbial community analyses
In this study, attempts have been made to support the molecular data with the biochemical results. Total bacterial abundance and diversity were analyzed using qPCR and clone library construction.
Abundance of total bacteria
Real-time qPCR was used to examine the dynamics of the total bacterial 16S rRNA gene copies in the MBRs that were operated at different IACs (Fig. 4) . Under IAC O , the abundance of bacterial 16S rRNA gene copies showed substantial amount of fluctuation over the course of time. The average copy numbers per mL of mixed-liquor increased from (4.13±0.10)×10 9 to (6.27±0.16)×10 9 (sample 2-6) ( Fig. 4) . Compared to the initial inoculum (2.48±0.42)×10 9 gene copies/mL), all samples showed significant difference (p<0.05). However, there was no significant difference between samples collected at day 60 (sample 3) and day 150 (sample 6) (p=0.139). This result is consistent with the chemical analysis. As stated earlier, throughout the entered study period complete nitrification was achieved after one month operation, suggesting that the nitrifier communities may be more adapted through time in the combo system and played a significant role for modifying the wastewater characteristic and maintain stable reactor performance. This result is also consistent with other studies. According to Duan et al. (2009) , the bacterial numbers showed dynamic changes in the first 20 days, and stabilized after that time.
Dionisi and his colleagues (Dionisi et al., 2003) also stated that due to slow grower bacteria biomass increase (i.e. Nitrospira cells), complete nitrification has been observed at 20 day sludge age sample than 2, 5 and 10 days of reactor operation. Samples (7) (8) (9) (10) (11) (12) were also collected from FBR-MBR V combo system at day 30, 60 and 90 from short (IAC=15/45 min) and extended aeration cycle operations (IAC=60/60 min). The 16S rRNA gene copy numbers per mL of mixed-liquor were significantly reduced from (3.38±0.07)×10 9 to (2.74±0.10)×10 8 (samples 7-9, p=0.0002), when the combo system was operated at short aeration cycle (Fig. 4) . The results were also consistent with the low NH 4 -N and COD removal efficiencies observed at short aeration cycle (64% and 83%, respectively) ( Table   2 ). On the contrary, samples (10) (11) (12) that was operated at 60/60 min of IAC showed increase bacterial gene abundance from (4.87±1.15)×10 9 to (9.17±1.78)×10 9 per mL of mixed-liquor ( Fig.   4 ). Since the bacterial abundance has no apparent difference between 45/15 and 60/60 min of IACs (e.g., p=0.120 for sample 6 and 12), optimizing the combo system to work at 45/15 min aeration cycle could be more sustainable, which is consistent with the chemical analysis. Fig. 4 
Microbial community composition and diversity
After chimeric sequences are removed (<1%), quality sequences were affiliated to different OTUs. As shown in Table 3 Table 2) . Although microbial diversity observed in this study seemed higher, yet the current sampling effort might be inadequate to quantify all the microbial diversity found in the combo system. The linearity of the rarefaction curve (95% and 97%) suggested that diversity becomes more in the combo with an increasing number of sample sequences (Fig. S3 ).
Table 3
Samples from the different IACs were clustered using PCoA and environment clustering through weighted normalized UniFrac analysis (Fig. 5 ). Out of the total 54% variance observed, 29 .12% and 24.89% variations were explained by the first (P1) and second (P2) coordinates, respectively (Fig. 5a) . (Table 2) . Normally, community clustering is caused by only one environmental factor at a time (Lozupone and Knight, 2005) . This is consistent with the current study in which either DO level or growth period at a time cause for clustering. The Jackknife environment cluster analysis (Fig. 5b ) was also consistent with PCoA.
Fig. 5
The phylogenetic classification using the SILVA taxonomy reference file at 80% threshold value showed that all of the sequences were grouped into 14 known bacterial phyla and a small proportion to unclassified sequences (about 5%) (Fig. 6a ). In the entire operation, Proteobacteria (59%) followed by Firmicutes (12%) and Bacteroidetes (11%) were the most dominant phyla which together comprised 82% of the total sequences. The phyla Actinobacteria, Chloroflexi, Nitrospirae and Planctomycetes were also detected at various operations (Fig. 6a) .
Interestingly, the phylum Nitrospirae which comprise a known NOB group was not detected at IAC of 15/45 min, but identified at IACs of 45/15 min and 60/60 min. This result clearly showed that the nitrifying (i.e. NOB) communities were sensitively responded to the DO concentration resulted from the different IACs. This finding was also consistent with the qPCR results that showed lower abundance (Fig. 4) , and relatively poor NH 4 -N removal ( Table 2) During various IACs, community shifts were observed among phyla and unclassified bacteria. Samples taken after three months (day 90) showed that the Proteobacteria increased from the initial 31% to 56%, 62% and 63% at the IACs of 15/45, 45/15 and 60/60 min, respectively (Fig. 6a ). The increase of Proteobacteria with increasing the aeration (''on'') cycle was accompanied by a decrease trend on the other phyla. For instance, Firmicutes decreased from the initial 26% to 18% and 4% at IACs of 15/45 and 45/15 min, respectively (Fig. 6a) . The same decreasing trends were also observed in Bacteroidetes and unclassified bacteria. Moreover, compared 90 th and 150 th day sample that operated at the same IAC O , an increased
Proteobacteria percentage (83%) were observed for the later sampling date which totally unfavorable for Firmicutes (undetected) and other phyla, implying longer operation time could favor a specific group of bacteria (i.e. Proteobacteria) (Fig. 6a ). This result agrees with Sofia et and Gammaproteobacteria showed significant community shifts depending on aeration cycles ( Fig. 6b ). When the combo system operated at IAC O , the Betaproteobacteria increased over time from 50% (day 90) to 88.6% (day 150), while the proportion of the other Proteobacteria classes decreased (Fig. 6b) . The same trend of community dynamics were also observed when the In a more specific phylogenetic view, the total sequences were placed in 32 orders and some unclassified bacteria (Fig. 6c ), among which 15 bacterial orders were affiliated to Proteobacteria (with 80% similarity) (Table S1 ). Burkholderiales and Rhodocyclales from
Betaprotobacteria and Rhodospirillales and Rhizobiales from Alphaproteobacteria were detected from 3.4-18% of the total sequence orders ( Fig. 6c and Table S1 ). Burkholderiales, the dominant order in this study (particularly sample 3), were previously identified in MBR system operated under aerobic-anaerobic condition (Sadaie et al., 2007) , which indicate its metabolic flexibility. Members from Rhodocyclales, a purple non-sulfur photosynthetic bacteria, was identified as phosphate accumulating organism that use either oxygen or nitrate as final electron acceptor (Seviour et al., 2003) . Members of the phylum Actinobacteria such as Acidimicrobidae and Actinobacteridae (Gram-positive bacteria with high DNA G+C content) and
Gemmatimonadales (97% similarity with phylum Gemmatimonas) were detected in the current study also reported as a predominate group of bacteria in phosphate-removing activated sludge (Seviour et al., 2003; Liu et al., 2005) (Fig. 6c and Table S1 ). Interestingly, Pseudomonadales
and Aeromonadales from Gammaproteobacteria group were detected in this study had also been previously reported denitrifying bacteria (Seviour et al., 2003; Sofia et al., 2004) . The order
Planctomycetales detected in the current study ( Fig. 6c ) was also identified as denitrifying Ahmed, 2012) were identified here (Fig. 6c ). In this study, the co-existence of nitrifying and denitrifying communities in a single reactor demonstrated that SND activities occurred in the combo system, which was also supported by the chemical analyses (Tables 1). All Bacteroidetes related phylotypes were affiliated to the order Sphingobacteriales and Flavobacteriales which was consistent with others study (Cheng et al., 2008) . The Sphingobacteriales groups were known for their interesting catabolic capabilities to degrade a wide variety of environmentally pollutants (Fig. 6c ). 
Conclusions
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